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Abstract: In this study, we report on a systematical investigation on the crystal structure, 
optical and electrical properties of ZnO thin films grown by thermal and remote 
plasma-enhanced atomic layer deposition (Thermal ALD and PEALD) and their 
applications in resistive switching devices. The conductivity of ZnO films grown by 
Thermal ALD at 200°C is ~62.5 S/cm, demonstrating a good potential for the applications in 
transparent conducting films. It is possible to deposit ZnO films with good structural quality 
and few defects at lower temperatures by PEALD. The Al/PEALD-ZnO/Pt devices show 
good resistive switching properties, while the devices using Thermal ALD ZnO films failed 
to show any resistive switching behavior, but a perfect Ohmic behavior. The thickness ZnO 
active layer has a strong effect on the device properties. When the thickness of ZnO film is 
~23 nm, the high state-resistance to low state-resistance ratio maintains at larger than 103, 
while the current compliance for safe operation is ~1mA much smaller than those for 
devices with thick active layers. The results have demonstrated the PEALD grown ZnO 
films have the excellent properties for the applications in high-density 3D resistive random 
access memory. 
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1. Introduction 
Owing to its excellent properties and abundance of the raw material, ZnO is a very 
attractive and prospective material for optoelectronic, electronic and piezoelectric device 
applications.1 Various ZnO-based devices and microsystems have been developed such as 
ultraviolet light emitting diodes2, piezoelectric transducers3, transparent electronics4 and so 
on. Various methods including sputtering(ref), pulsed laser deposition (PLD) (ref), chemical 
vapor deposition (CVD) (ref), spray pyrolysis and sol-gel process(ref) have been developed 
to deposit ZnO thin films. Generally, electrical and optical properties of ZnO films strongly 
depend on growth techniques and conditions, therefore it is very important to identify right 
growth technique for each application.5-7 
Recently, ZnO thin films have been demonstrated to have good resistive switching 
characteristics(refs), hence are very promising for the development of resistive random access 
memory (ReRAM). The thickness of the active layer of this type of devices is typically a few 
tens of nanometers. So far, most of the ZnO films used for resistive switching devices were 
deposited by physical vapor-phase deposition (PVD) methods, especially by the magnetron 
sputtering. But these methods could not control the film thickness precisely, especially for 
nanometer thick films. 8-11 
Atomic layer deposition (ALD), a special CVD method, has the potential benefit for the 
growth of high quality ZnO films with precise thickness controllability, large area uniformity, 
high conformality and low process temperature. ALD method is also attractive for electronic 
applications, especially for devices with ultra-thin film and 3D architecture.12 As such, 
ALD-grown ZnO thin films could be a good technique for the development of ReRAM. 
However, there is very limited activity in using ALD ZnO films for resistive switching 
devices.  
There are thermal process based-ALD (Thermal ALD) and plasma-enhanced ALD 
(PEALD). For the Thermal ALD, the surface chemistry and reaction are driven by thermal 
energy. The operating temperature of Thermal ALD systems is typically between 100 and 
300°C for ZnO deposition. On the other hand, the PEALD is a plasma-activated reaction, 
which can deposit ZnO layers at lower temperature. Remote PEALD further separates the 
plasma generation chamber from the deposition chamber, and can drastically reduce the 
defects induced by plasma damage.13-15 Therefore it is much better for depositing high quality 
materials at low temperature.  
In this paper, we will report on a systematical investigation on the crystal structure, 
optical and electrical properties of ZnO thin films grown by Thermal ALD and remote 
PEALD, and their application in Al/ZnO/Pt resistive switching devices. Particularly, the 
influence of ZnO film thickness to the properties of resistive switching devices will be 
discussed. 
2. Experimental details 
The ZnO thin films were deposited on Si (100) and glass substrates via Thermal ALD 
and PEALD using a showerhead-type ALD system (KJLC 150LX). Si-substrates were used 
to deposit films for device fabrication, while the glass substrates were used to deposit ZnO 
films for Hall measurement. Diethylzinc (DEZn, 99.9999%) precursor was used for the 
deposition of ZnO. The carrier gas and purging medium were 99.999% purity argon. During 
the growth, the pressure in the chamber was ~1 torr. The flow rate of the carrier gas was 20 
sccm. A typical Thermal ALD sequence is composed of 0.04 s of DEZn exposure, 6 s of Ar 
purging, 0.1 s of H2O exposure, and 10 s of Ar purging. For the PEALD process, the flow 
rate of the oxygen was 40 sccm. The PEALD ZnO growth sequence is composed of 0.04 s of 
DEZn exposure, 6 s of Ar purging, 3 s of oxygen plasma exposure with RF power of 500 W, 
and 10 s of Ar purging. Since the ALD system is remote plasma ALD, the purge times for the 
precursor and reactants were slightly long. About 500 and 1000 cycles were used to grow 
films up to 100-200 nm thick.  
The thickness of the ZnO films was measured by an ellipsometry (J.A. Woollam., 
M-2000), and was also determined by scanning electron microscope (SEM, FEI, 
SIRION-100). X-ray diffraction (XRD, PANalytical Co., EMPYREAN) and SEM were used 
to evaluate the crystal structure and morphology of the films. The electrical properties 
including the resistivity, electron mobility and carrier concentration were measured by a Hall 
measurement system (BIO-RAD, HL5500) using the Van der Pauw method. The 
photoluminescence (PL) spectra were collected at room temperature using an Acton Spectra 
Pro 2500i spectrometer and a He-Cd laser (λ=325 nm) as the excitation source.  
Resistive switching devices consist of a simple Al/ZnO/Pt sandwich structure. ZnO thin 
films were deposited at 150°C on (111) Pt(60nm)/Ti/SiO2/Si substrates which were 
purchased from a manufacturer. They were grown for 100, 150 and 250 cycles with 
thicknesses of ~23, 35 and 60 nm, respectively. The top circular Al (100 nm) electrodes with 
a diameter of 200 μm were deposited by thermal evaporation using a metal mask. The 
current-voltage (I-V) characteristics of the devices were measured using a semiconductor 
parameter analyzer (Agilent 4155 C) at room temperature in air. 
3. Results and discussion 
3.1 Film growth rate 
Fig. 1(a) shows the dependence of the film growth rate (Growth per Cycle, GPC) of 
ZnO on DEZn exposure time (Dose time) at 150°C. The growth rate of ZnO increases with 
dose time and is stabilized at about 0.23nm/cycle at a dose time longer than 0.04s, confirming 
the self-limiting growth mechanism.15 Fig. 1(b) is the dependence of the growth rate on the 
deposition temperature of the substrates. The growth rate for both the used methods show a 
similar trend, i.e. it increases first, and then decreases when the temperature is higher than 
150°C. The ZnO growth rate by the PEALD is higher than that grown by the Thermal ALD 
for the whole temperature range owing to the higher reactivity of oxygen plasma than the 
water reactant. Generally, thermal energy increases with temperature, and increase 
temperature increases the growth rate. However desorption of DEZn also increases with 
temperature, leading to decrease in growth rate with increasing the temperature. As a 
consequence, the growth rate reaches the maximum at about 150°C for our system. When the 
substrate temperature reaches 300°C, the growth rate for the Thermal ALD-grown ZnO is 
only half of the maximum value which is not efficient and cost effective for ALD 
applications. Therefore all the samples for characterization and device fabrication were 
grown at temperatures below 300°C for this research.  
 Fig. 1. ZnO growth rate as a function of DEZn dose time (a) and deposition temperature (b).  
3.2 Crystal structure and morphology 
Figs. 2(a-c) and (e-f) show the XRD patterns of the ZnO films deposited on the Si (100) 
substrates at different temperatures by Thermal ALD and PEALD, respectively. For Thermal 
ALD, the XRD patterns of the ZnO/Si samples deposited at 150, 200 and 300 oC were shown. 
For PEALD, those deposited at 100, 150 and 200 oC were shown. As was mentioned above, 
the oxygen plasma is highly active, less thermal energy is required for the surface chemistry 
and reaction. The XRD spectrum shows that all of the ZnO films are polycrystalline, and the 
preferred crystal orientation depends on the growth temperature. Higher growth temperature 
results in a better crystallographic structure with larger grains and ordered structure. The 
(100), (002) and (110) crystallographic orientations are observed from samples grown at 150 
oC by Thermal-ALD and at 100 oC by the PEALD, respectively. At higher temperatures, (002) 
orientation is the dominant one for the films grown by both the techniques. The 
Thermal-ALD grown ZnO at 300 oC shows better crystallographic structure with a single 
(002) orientation, but the growth rate dropped to only ~0.12 nm/cycle. The PEALD grown 
ZnO have much better crystallographic structure with dominant (002) orientation even for the 
samples grown at 150oC. It means that it is possible to deposit ZnO films with equivalent 
material properties at lower substrate temperature by PEALD.  
Figs. 3(a-c) and (d-f) show the surfaces and cross-sectional SEM images of the 
as-deposited ZnO thin films grown by the Thermal ALD at different substrate temperatures, 
respectively. The interface between the Si substrate and ZnO layer is very sharp and smooth. 
The grain of the ZnO film grown at 100 °C is small, about 20nm (Fig. 3(a)), whereas those 
grown at 150 °C and 200 °C are leaf-like structure (Fig. 3(b) and (c)). The leaf-like grains 
grow bigger with increasing the substrate temperature due to increased thermal energy. At 
150 °C, the film thickness reaches a maximum value of ~200nm for a fixed 1000 cycle 
growth. The growth rate measured by SEM is about 0.2 nm/cycle, in agreement with that 
measured by an ellipsometry as shown in Fig.1(e).  
 
Fig. 2. XRD patterns of ZnO films deposited by Thermal ALD (a-c) and PEALD (d-f) on Si (100) 
substrates at different temperatures. 
 
Fig. 3. Surface (a-c) and cross-sectional (d-f) SEM images of ZnO films deposited by Thermal 
ALD at different temperatures: 100 oC (a, d), 150 oC (b, e) and 200 oC (c, f). 
 
The morphology of the PEALD-ZnO films grown at different temperatures (100 ~ 200 
oC) is very similar to each other. This is attributed to the high reactivity of oxygen plasma 
which is influenced little by variation of growth temperature. The surface and cross-section 
SEM images of the ZnO thin films grown by PEALD at 150 oC are shown in Fig. 4(a) and (b), 
respectively. The grain size of the film is in the range of 10~20 nm, smaller than those 
deposited by Thermal ALD. The film thickness also reaches a maximum value of ~200nm for 
a fixed 1000 cycle growth at 150 oC. 
 
Fig. 4. Surface (a) and cross-sectional (b) SEM images of ZnO films deposited by PEALD at 
150 oC. 
 
3.3 Electrical properties and Optical properties 
Fig. 5 shows the electrical parameters of ZnO films deposited by Thermal ALD. All the 
ALD ZnO thin films showed n-type conductivity. The carrier concentration varies between 
1019 and 1015 cm−3 for all investigated samples, and is strongly associated with the deposition 
temperature. Low carrier concentration and low conductivity (high resistivity) are observed 
for samples grown at lower temperature, and they increase with increasing the temperature up 
to 200 °C, and then decrease with further increasing the temperature to 300 °C. The samples 
grown at 200 °C show the highest carrier concentration of ~2×1019 cm−3 and the highest 
electron mobility of ~22cm2/V·s, resulting in a high conductivity of 62.5 S/cm (Resistivity: 
0.016 Ω·cm) without intentional doping. Although the high conductivity of the Thermal ALD 
grown ZnO films is not good for the fabrication of resistive switching devices as shown later, 
it is good for other applications such as transparent conducting films and high conductive 
layer.16 On the other hand, the PEALD grown ZnO films showed resistivities much higher 
than 104 Ω·cm, unable to be measured electrically. The resistivity and carrier concentration 
are largely associated with the density of defects such as oxygen vacancies. The PEALD 
grown ZnO films have a high resistivity, indicating they have a low defect density, hence 
high quality for electronic device applications.  
  
Fig. 5. Electrical performances: (a) Carrier concentration and electron mobility and (b) resistivity 
as a function of substrates temperature of ZnO films deposited by Thermal ALD on glass 
substrates. 
PL is a useful method to assess the electrical and optical properties of ZnO thin films 
deposited by different techniques. With a large value of free exciton binding energy, ZnO 
films with good structural quality can show a free excitonic PL emission even at room 
temperature. In most cases, the PL spectrum of ZnO films consists of two bands. Besides the 
ultraviolet spectrum (~ 384 nm, excitonic emission), there is a green spectral region (~ 500 
nm), which is a defect related emission with a broad bandwidth.17-20 For the ZnO deposited 
by Thermal ALD at a temperature below 300oC, the defect-related emission dominates the PL 
spectra with a small peak for the excitonic emission as shown in Fig. 6(a), indicating that the 
films contain a high density of defects. This is consistent with the high carrier concentration 
as shown in Fig. 5(a). At such a low temperature, the chemical reaction of the DEZn and 
water may not be completed and perfect; and the atoms (Zn and O) may fail to migrate to 
equilibrium atomic sites, generating vacancies or interstitials. Therefore, the films contain a 
high density of defects, hence a high carrier concentration. The PEALD-ZnO films grown at 
150 °C and 200 °C have a much larger excitonic PL spectrum than that of the Thermal ALD 
deposited ones as shown in Fig. 6(b). The defect-related PL band is much smaller compared 
with that of the excitonic emission, indicating much reduced structural defects and improved 
electronic properties of the films owing to the high plasma reactivity and low damage of the 
remote plasma. The excitonic emission of the PEALD-ZnO film deposited at 100 °C 
becomes much smaller compared with those grown at higher temperatures, and the 
defect-related emission is dominant due to the increased defects at low temperature 
deposition. 
  
Fig. 6. PL spectra of ZnO films deposited by (a) Thermal ALD and (b) PEALD on Si (100) 
substrates at different temperature. 
3.4 Resistive switching properties 
ZnO films grown at 150 oC by both the techniques were selected to fabricate Al/ZnO/Pt 
devices as they have the maximum growth rates. Fig. 7(a) and (b) show IV characteristics of 
the devices with ZnO grown by Thermal ALD and PEALD respectively. The ZnO films 
were grown for 150 cycles with a thickness of about 35nm. The DC voltage bias was 
applied to the top electrode (TE: Al) with the bottom electrode (BE: Pt) grounded during the 
measurements.  
  
Fig. 7. Typical IV characteristics of Al/ZnO/Pt devices. ZnO films deposited by (a) Thermal 
ALD and (b) PEALD at 150 oC. (a) I∝V. (b) The resistance state is changed from LRS to HRS 
above the bias of -1V (reset) and changed from HRS to LRS above the bias of 1.3V (set). 
For the Thermal ALD-ZnO, the devices show an Ohmic behavior and do not exhibit any 
resistive switching behavior through electroforming process, even for those grown at 300 oC 
with a higher resistivity (~4 Ω·cm). The results indicate that the Thermal ALD ZnO films are 
not good for the ReRAM applications, and the high density defects may form effective 
conductive path (filament), which can not be disrupted by electrofoming process. For the 
PEALD-ZnO, the resistance of the as-made devices is very high in the order of ~109Ω, 
measured at a bias of 0.1 V, no resistive switching behavior was observed. After an 
electroforming process, a typical bipolar resistive switching characteristic can be obtained as 
shown in Fig. 7(b). A voltage sweeping from 0 to 2 V was used to set the device from the 
high resistive state (HRS) to the low resistive state (LRS), and an opposite voltage sweep 
from 0 to -1.5 V was used to reset the device back to the HRS. Typically a current 
compliance was used during the forming and set process to prevent the devices from 
permanent breakdown. 
The thickness effect on the resistive switching properties has been investigated in detail 
for the PEALD ZnO devices. It was found that the devices with a ZnO layer thinner than ~12 
nm (50 ALD cycles) do not show any resistive switching behavior, while those with ZnO 
film thicker than 20nm do exhibit resistive switching behavior. The devices properties change 
with the variation of ZnO thickness. Fig. 8(a) and 8(b) show the forming process and typical 
IV characteristics of Al/ZnO/Pt devices, respectively, with the thickness as a parameter. At 
the forming process, the devices with a ZnO of ~35nm (150 ALD cycles) or ~60nm (250 
ALD cycles) are able to withstand a current compliance of 10mA without breakdown, 
whereas that with a thin ZnO layer of ~23nm (100 ALD cycles) is permanently breakdown 
before reaching the 10mA current compliance. The device with 23nm ZnO layer shows the 
resistive switching behavior only when a current compliance is set at 1mA. As shown in Fig. 
8(b), the set and reset voltages increase with increasing the ZnO layer thickness, but the 
resistance ratio of HRS/LRS maintains higher than 103. The resistance ratio does not change 
for up to hundreds of cycle test for all the devices with different ZnO thicknesses.  
  
Fig. 8. (a) Electroforming processes with different current compliance for different film 
thickness of ZnO. (b) Typical IV characteristics of Al/PEALD-ZnO/Pt devices with the thickness 
as a parameter. 
The resistive switching mechanism can be explained by the filamentary model.21-26 The 
Thermal ALD ZnO films contain a high density of defects as evidenced by the high carrier 
concentration which is attributed to the oxygen vacancies or interstitials. These possibly form 
a lot of effective conductive paths, and cannot be easily disrupted or modified by the 
electrical set/reset processes. As a result, the IV characteristic of the devices is Ohmic with 
no resistive switching behavior. For the PEALD-ZnO, the as-made devices have a high 
resistivity owing to much reduced defects. Upon application of a voltage at electroforming 
process, conducting filaments are formed at set and disrupted on reset, showing a resistive 
switching characteristic. For the devices with a thin ZnO layer, many conducting filaments 
(permanent destruction) can introduced in the film at a relatively low voltage (low current 
compliance). Therefore they require a low current compliance for operation. For all the 
devices, the resistance ratio of the HRS to the LRS is larger than 103, and the resistances at 
both the states remain unchanged for tests up to 104 seconds. The results thus demonstrated 
that the PEALD grown ZnO thin films has a great potential for the applications in 
high-density memories. 
 
4. Conclusion 
The structural, optical, electrical and resistive switching properties of ZnO thin films 
deposited by Thermal ALD and PEALD at low temperature (below 300oC) were investigated 
systematically. ZnO films grown by Thermal ALD have a high carrier concentration and 
electron mobility, a high conductivity of 62.5 S/cm (Resistivity: 0.016 Ω·cm) was obtained 
from a film grown at 200°C without intentional doping, demonstrating a great potential for 
the applications in transparent conducting films and others. The ZnO films can be grown by 
PEALD at lower substrate temperature, but have good structural quality, high resistivity, 
excellent band emission and much reduced defect density. Al/ZnO/Pt devices containing a 
PEALD-grown layer show good resistive switching properties. The resistance ratio maintains 
larger than 103, even for a device with a very thin ZnO layer of 23 nm. The results 
demonstrate a great potential of the PEALD-ZnO films for the applications in high-density 
3D ReRAM. 
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